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FIG. 6. The63Cu(n, p0,1,2) 63Ni contribution to the brass backing
data shows good agreement with the ENDF/ B-VIII.0 cross section
evaluation and previous measurements [29] and is used as a consis-
tency check for the beam normalization in this work. The calculation
of the partial cross section contribution to the total cross section was
calculated using the Hauser-Feshbach codeCOH3 [30].

23Na(n, ! ) 20F, which have larger negativeQ values, do not
interfere in the extraction of the Þrst few excited states of35S
and32P.

Furthermore, the data on the brass backing material al-
lowed us to perform a consistency check for the beam nor-
malization. As shown in Fig.5(a), the broad peak at approx-
imately zero excitation energy corresponds to the63Cu(n, p)
reaction to the ground state (Q = 0.63 MeV) and the Þrst few
excited states of63Ni. The contributions to the events at higher
excitation energies include the reactions leading to higher
excited states of63Ni, as well as the other dominant reaction
channels from natural copper and zinc [e.g.,64Zn(n, p) and
65Cu(n, p)]. However, at energies up to 3 MeV, the total
cross section for63Cu(n, p) is determined primarily by the
63Cu(n, p0,1,2) reaction channels, as shown in Fig.6. The
energy-angle-integrated cross sections based on the yields
from the63Cu(n, p0,1,2) reactions studied here are also shown
in Fig. 6 and are in good agreement with the ENDF/ B-VIII.0
cross section evaluation.

The uncertainty due to the background shape, listed in
Table II , was between 5Ð15 % for extracting thep0 partial
cross section and as high as 50% for extracting the higher
excited states. Therefore, the total systematic uncertainties
were between 15Ð20 % for the ground state and between
15Ð50 % for the higher excited states. Unless otherwise noted,
the error bars on all plots in this work include both systematic
and statistical uncertainties.

Planned future studies will improve the systematics by
performing the measurement with enriched35Cl of different
forms, such as NaCl and AgCl, and with isotopically pure
Au or Pt backing materials instead of brass. An improved
choice in the backing material will allow us to extend our
measurement to higher incident neutron energies, while also
dramatically reducing the background at the low energies
currently under study.

FIG. 7. Top: A comparison of past experimental data with the
current ENDF/ B-VIII.0 evaluation. The ENDF/ B-VIII.0 library also
includes partial cross sections for populating different excited states
of 32P. Bottom: Experimental data from this work, summing the yield
for the (n, ! 0) and (n, ! 1) reaction channels, is in good agreement
with the current ENDF/ B-VIII.0 library.

E. Study of 35Cl(n, ! ) 32P

In the energy range above 1 MeV, the35Cl(n, ! ) 32P reac-
tion has been studied in various past measurements [9,12,31]
and the ENDF/ B-VIII.0 evaluation reproduces the past ex-
perimental data well, as shown in Fig.7. Up to approximately
5 MeV, the (n, ! ) cross section is expected to be dominated
by the sum of the (n, ! 0) and (n, ! 1) reactions that increase
at approximately the same rate with respect to increasing
neutron energy. Since the two Þnal states in32P are separated
by only 78 keV [32], we observe both the (n, ! 0) and (n, ! 1)
reaction channels as a single broad peak centered around their
mean energy, as shown in Fig.5(b).

Although the reactionQ value for (n, ! ) is higher than
(n, p) by about 300 keV, the kinematics for the (n, ! ) reaction
varies more rapidly than (n, p) with increasing angle and
due to different energy losses in the target and dead layer
of the silicon detector, the (n, ! 0,1) peak is cleanly separated
from thep0 reaction channel at backward angles. At forward
angles, there is very little separation between (n, p0) and
(n, ! 0,1) as shown in Fig.8, however the (p0) contribution

024623-6
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